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Abstract 
Urbanisation is a globally occurring phenomenon and is predicted to continue increasing rapidly. Urban ecosystems present 
novel environments and challenges which species must acclimate or adapt to. These novel challenges alter existing or create 
new selection pressures on behaviours which provide an opportunity to investigate eco-evolutionary responses to contem-
porary environmental change. We used 7 years of breeding data from urban and forest populations of blue and great tits to 
understand whether selection for timing of breeding or clutch size differed between the two habitats and species. We found 
that urban great tits laid eggs earlier than their forest counterparts, but there was no evidence of a difference in selection for 
earlier breeding. Blue tits, however, did not differ in timing of egg laying between the two habitats, but selection for earlier 
laying was weaker in the urban environment. Both species laid smaller clutches in the urban site and had positive selection 
for larger clutch sizes which did not differ in strength for the great tits but did for blue tits, with weaker selection in the urban 
population. Our results suggest that food availability for nestlings may be constraining urban birds, and that the temporal 
cues females use to time breeding correctly, such as tree budburst and food availability, may be absent or reduced in urban 
areas due to lower caterpillar availability. These results have implications for our understanding of the adaptation of wild 
animals to city life.
Significance statement
Urbanisation is expanding rapidly and changing the environment many species live in. A key challenge is to understand how 
species adapt to the urban environment, why some species can adapt, why others cannot and what we can do to ensure that 
cities are ecologically sustainable and biodiversity rich. Here we show that the strength of natural selection for early breeding 
and larger clutch size is weaker in urban than non-urban blue tits, likely due to reduced and irregular availability of natural 
insect food in urban areas. This effect was not found in great tits. Thus, urbanisation can alter the selection pressures wild 
animals are exposed to, but this effect may differ between species, even when closely related. This has implications for our 
understanding of how species adapt to urban life.
Keywords Reproductive selection · Urbanisation · Adaptation · Life-history traits
Introduction
Urbanisation is a globally increasing phenomenon that shows 
no signs of halting. Urban areas covered 652,825  km2 of ter-
restrial land globally in 2000, and it is predicted that by 2030 
global urban land cover will have tripled in extent (Seto et al. 
2012). In comparison to rural environments, urban areas 
have increased impervious surfaces, ambient temperature 
(heat-island effect), pollution (chemical, noise and light) and 
non-native species (McKinney 2002; Foley et al. 2005). The 
impacts of urbanisation on the phenotypes of wild organisms 
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have been studied for over a century, revealing extensive 
phenotypic divergence between urban and rural conspecifics 
(Donihue and Lambert 2015; Marzluff 2016; Alberti et al. 
2017). However, it is still unclear whether such phenotypic 
differences between urban and rural populations represent 
adaptive responses to urban environments and the evolution-
ary mechanisms that generate them (Donihue and Lambert 
2015; Johnson and Munshi-South 2017; Szulkin et al. 2020; 
Lambert et al. 2021).
In birds, one of the most studied taxa in the field of urban 
evolutionary ecology, many morphological and behavioural 
differences have been observed between urban and rural pop-
ulations. For example, urban populations often have altered 
foraging behaviour (Lowry et al. 2013), a wider diversity in 
diet (Stracey et al. 2014; Lill and Muscat 2015; Russ et al. 
2015), altered vocalisation properties (Bermúdez-Cuamat-
zin et al. 2020; Derryberry et al. 2020) and often exhibit a 
smaller body size than rural counterparts (Biard et al. 2017; 
Caizergues et al. 2018; Strubbe et al. 2020). Similarly, dif-
ferences in life-history traits between urban and rural bird 
populations have also been documented. Generally, urban 
birds lay smaller clutches, begin laying eggs earlier and 
have lower productivity per nesting attempt than their rural 
counterparts (Chamberlain et al. 2009; Sepp et al. 2018). 
Describing the differences in traits between urban and rural 
populations is an important first step in understanding spe-
cies responses to urbanisation. However, there is a need to 
fully assess the ecological and evolutionary processes lead-
ing to phenotypic changes in urban populations (Johnson 
and Munshi-South 2017; Rivkin et al. 2019; Lambert et al. 
2021). To this end, it is imperative to identify how variation 
in traits corresponds to fitness, and whether these associa-
tions differ between urban and rural populations (Ouyang 
et al. 2018; Szulkin et al. 2020).
Urbanisation is associated with novel environmental 
conditions that can lead to new selection pressures (Lowry 
et al. 2013; Donihue and Lambert 2015), including higher 
temperatures, increased light pollution and altered qual-
ity and availability of food resources (Longcore and Rich 
2004; Donihue and Lambert 2015; Seress and Liker 2015). 
All three of these environmental factors have been linked 
to changes in avian life-history traits in urban populations. 
For example, seasonal breeders often use a combination 
of day length and temperature to initiate breeding (Gil and 
Brumm 2014). The effects of altered temperatures and the 
presence of light pollution in urban environments are par-
ticularly important in explaining the observed phenotypic 
differences between urban and rural bird populations in tem-
perate habitats (Dominoni et al. 2020), and both factors have 
been linked to earlier breeding phenology in urban areas 
(Marciniak et al. 2007; Vaugoyeau et al. 2016; Caizergues 
et al. 2018; de Satgé et al. 2019; Dominoni et al. 2020). Food 
resources also differ between urban and rural environments, 
either in quantity, quality, composition and/or in their timing 
of availability (Pollock et al. 2017; Seress et al. 2018). Food 
availability is an additional cue used to initiate reproduction 
in many bird species; therefore, changes in the timing of 
resource availability in urban environments can also alter 
breeding phenology (Gil and Brumm 2014). Food availabil-
ity also plays a central role in influencing clutch size (Price 
and Liou 1989). Clutch size is constrained by the amount of 
resources a female can find to produce and incubate eggs, the 
number of nestlings the parents can provide for, the survival 
cost to the parents in the year of breeding and the following 
year, and physiological constraints such as the number of 
eggs a female can successfully incubate (Godfray et al. 1991; 
Visser and Lessells 2001).
Caterpillars are a vital food resource for many seasonal 
breeders (Betts 1955; Burger et al. 2012; Wesołowski et al. 
2019; Shutt et al. 2020), and both the quality and quantity 
of food delivered to nestlings are key in maximising fitness 
(Wilkin et al. 2009; Pollock et al. 2017). Moreover, the tim-
ing of caterpillar availability is also crucial. For example, 
blue tits (Cyanistes caeruleus) and great tits (Parus major) 
optimum breeding phenology is such that peak nestling 
demand coincides with a peak in caterpillar availability, 
which in turn is highly dependent on the timing of tree 
budburst (Holliday 1985; Burgess et al. 2018). Missing this 
optimal food window by mistiming breeding can result in 
negative fitness consequences (Visser and Gienapp 2019) 
and has led to increased selection pressures for earlier lay-
ing dates in both species (van Noordwijk et al. 1995; Visser 
et al. 1998; Porlier et al. 2012). However, this has mostly 
been studied in the context of climate change and in for-
est environments, while comparative evidence from urban 
populations is scarce (although, see Caizergues et al. 2018). 
Due to the increased temperature observed in urban envi-
ronments (Donihue and Lambert 2015), it is possible that 
urbanisation could be providing similar selection pressures 
to climate change and could even be acting in addition to 
climate change.
The temporal availability of caterpillars often differs 
between urban and rural environments (Marciniak et al. 
2007; Glądalski et al. 2017; Pollock et al. 2017; Hajdasz 
et al. 2019; Seress et al. 2020). For example, in urban envi-
ronments caterpillar availability has been shown to be con-
sistently lower (Marciniak et al. 2007; Glądalski et al. 2017; 
Pollock et al. 2017; Boyes et al. 2021), to often peak earlier 
in the breeding season (Hajdasz et al. 2019) and to have 
multiple peaks as opposed to a single strong peak observed 
in forest habitats (Seress et al. 2018). In two populations 
of blue tits in Scotland, caterpillars were more abundant in 
forest habitats and blue tits rearing young in forest environ-
ments fed their chicks almost exclusively on caterpillars, 
whereas their urban counterparts fed chicks on a variety of 
food items, including anthropogenic food sources, due to 
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reduced caterpillar availability with reduced breeding suc-
cess as a result (Pollock et al. 2017). Similar differences in 
caterpillar availability and blue and great tit fitness between 
urban and rural habitats have been found elsewhere in 
Europe (Glądalski et al. 2017; Seress et al. 2018, 2020). 
Reduced food availability or quality can also lead to lower 
breeding success by negatively impacting the condition of 
reproductive females, and in turn limiting their clutch size 
(Price and Liou 1989; Godfray et al. 1991) or reducing the 
likelihood of their offspring recruiting into the breeding 
population (Monrós et al. 2002). Thus, the environmental 
conditions found in urban habitats may modify the strength 
and/or direction of selection on avian life histories.
Despite decades of research on phenotypic differences 
between urban and rural bird populations (Chamberlain et al. 
2009), relatively few studies have investigated the fitness 
consequences of such divergence and the extent to which 
divergences could arise from different selection pressures 
across urban and rural habitats (Senar et al. 2014; Johnson 
and Munshi-South 2017; Caizergues et al. 2018). Caizergues 
et al. (2018) present evidence for selection for earlier laying 
dates in forest great tits (Parus major), but not in their urban 
counterparts, and no selection for clutch size in the forest but 
positive selection in the city. They also investigated selec-
tion on morphological characteristics (tarsus, wing and tail 
length, as well as body mass), with only body mass in males 
being under negative selection, which was stronger in the 
urban environment. Senar et al. (2014) found that another 
morphological trait, the size of the black breast stripe (a 
sexual ornament, used in mate choice), in great tits differed 
between an urban and forest population and was under diver-
gent selection.
Here we aim to investigate whether the direction and 
magnitude of selection in key life-history traits differs 
between urban and forest birds. To do so, we use a data-
set spanning seven breeding seasons and comprising two 
sympatric species, the blue tit and great tit. Blue tits and 
great tits are two resident sympatric hole-nesting bird spe-
cies which both evolved as forest-dwelling species (Cramp 
and Perrins 1993; Stenning 2018) but have readily colonised 
urban environments. Both species compete for resources, 
such as food and nesting sites, which can influence their life-
history traits and breeding success (Dhondt 2012). These 
factors combined make them ideal species for investigating 
the effects of urbanisation on life-history traits and selection 
on these traits. It is worth noting, that not all studies have 
found differences in breeding phenology between urban and 
non-urban blue tits, but great tits lay consistently earlier in 
urban environments (Chamberlain et al. 2009). Therefore, 
differences in reproductive selection between the two species 
may be present, despite relying upon the same resources.
We first compare first egg date (FED) and clutch size 
of blue and great tits in one urban and one rural, forest, 
site. We predict that both blue and great tits residing in the 
urban environment will initiate egg laying earlier and have 
smaller clutches than their forest counterparts. Second, we 
investigate whether selection on first egg date and clutch 
size differs in direction and/or magnitude between urban 
and forest blue and great tits. We predict that the direction 
of selection on first egg date and clutch size will not differ 
between habitats, but selection on both first egg date and 
clutch size will be stronger in the forest population, due to a 
stronger and more defined peak in caterpillar availability in 
forest environments (Pollock et al. 2017). Finally, we com-
pare food availability (caterpillar abundance and phenology) 
between one urban and one forest site, and test whether the 
degree of mismatch between blue tit peak nestling demand 
and the peak in caterpillar availability differs between the 
two habitats. This is an attempt to strengthen the argument 
that any difference in selection on first egg date and clutch 
size between urban and forest birds may be driven by food 
availability. We predict that caterpillars will be more readily 
available in the forest site compared to the urban site, and the 
degree of mismatch between nestling peak demand and peak 
food availability will be less in the forest site.
Methods
Study sites, bird and caterpillar sampling
We monitored blue and great tit populations in two sites, 
one forest and one urban, from 2014 until 2020. The forest 
site, on the east shore of Loch Lomond, Scotland, is a native 
oak forest 40 km northwest of Glasgow (Scottish Centre 
for Ecology and the Natural Environment, coordinates = 
[56.129, −4.6145]), and the urban site is a city centre park 
(Kelvingrove Park, coordinates = [55.869, −4.2851]), com-
prising a mixture of planted native and non-native tree spe-
cies. In the urban site, 40% of the trees present are classified 
as non-native species, in comparison to 2% at the forest site 
(classification for native and non-native tree species taken 
from Patterson et al. 2014). Nest-boxes have been present at 
both sites in the current configuration since 2014, installed 
approximately 50 m from each other, with 161 and 66 nest-
boxes available at the forest and urban site respectively 
during our study period (2014–2020; Woodcrete, Schwe-
gler, Germany, dimensions = 260 H × 170 W × 180 D cm, 
entrance hole diameter = 32 mm).
Nest-boxes were monitored weekly during the nest-
building and incubation stages. The date on which the first 
egg of a given clutch was laid (FED—first egg date) were 
directly observed in the field or back calculated if the nest 
was found during egg laying but before incubation com-
menced, assuming one egg was laid per day (Perrins 1979). 
FEDs were recorded as days after April; therefore, a FED 
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of 1 corresponds to 1st April. Clutch size was taken as the 
maximum number of eggs observed once incubation had 
commenced, and therefore, the clutch had been completed. 
When clutches were expected to hatch, 14 days after incuba-
tion commenced, they were checked every other day until 
they hatched. The number of hatched chicks and the number 
of unhatched eggs were recorded on the day of hatching 
or the day after, depending on when the nest was checked. 
Attempts were made to catch breeding adults at the nest 10 
days after the chicks had hatched. Although only a small 
number of catches were successful due to birds being wary 
to human disturbance in the forest population and varying 
catch effort among years. Thirteen days after the first egg 
hatched, chicks were marked with a unique metal ring (BTO, 
UK). After ringing nestlings, nests were not checked until at 
least 20 days after hatching to prevent premature fledging. At 
this point, any dead chicks were noted and subtracted from 
the total number of nestlings recorded on day 13 to give the 
number of chicks that fledged. It was not possible to record 
data blind in our study, due to our study involving focal 
animals observed in the field.
In 2015, caterpillars were also sampled across the two 
sites through branch beating five trees (two oak (Quercus 
spp.), two birch (Betula spp.) and one beech (Fagus spp.)) 
at both sites, twice weekly throughout the bird breeding sea-
son (Pollock et al. 2017). The tree species were selected for 
sampling to represent the dominant tree species across the 
two sites and due to their likelihood in hosting caterpillars 
(Kennedy and Southwood 1984). The effects of sampling 
were minimised by selecting four branches per tree, which 
were beaten on rotation throughout the sampling period. All 
arthropods were identified to order level, and Lepidoptera 
larvae were retained and desiccated (at 50 °C) for 24 h and 
then weighed. The mean dry weight of caterpillars per sam-
pling session was calculated for each site. For a full descrip-
tion of branch beating methods see Pollock et al. 2017.
Data collation and statistical analyses
Data collation
We filtered nesting data to only include blue and great 
tit breeding attempts where FED and/or clutch size were 
recorded from first breeding attempts. We have never 
recorded blue tits having second broods in our sites, and 
only three great tit second broods have been recorded within 
our sites and study period. Nesting attempts where we did 
not know if nestlings had fledged successfully or not were 
also removed. This left 602 and 150 nesting attempts for 
blue and great tit FED, respectively. For clutch size, our final 
dataset included 597 and 150 nesting attempts for blue and 
great tit, respectively.
Statistical analyses
All analyses were performed in R (version 3.5.1) (R Core 
Team 2018).
Urban and forest birds’ life‑history traits We first exam-
ined differences in blue and great tit’s FED and clutch size 
between habitats using general linear models (GLMs) in the 
R package lme4 (Bates et al. 2015). Two separate GLMs 
were run for each species, with either FED or clutch size 
as the response variable. Habitat, year and their interaction 
were included as categorical predictors. In the two models 
testing for differences between habitats in clutch size, we 
also included FED as a continuous predictor. We also inves-
tigated whether variance in either FED and/or clutch size 
differed between the urban and forest populations of both 
species using a Fisher variance ratio test.
Additionally, we re-ran the models described above as 
general linear mixed models (GLMM) including female 
identity as a random intercept (on the subset of our blue 
tit data where information about female identity was avail-
able [28% of 602 nesting observations for blue tits]). The 
number of females identified in our great tit dataset was too 
low to run a GLMM including female identity as a random 
intercept (only 16% of 150 nesting observations). The results 
found in the blue tit models with and without female identity 
as a random intercept did not alter the interpretation of the 
results (i.e. direction did not differ, and magnitude was simi-
lar in both cases). Therefore, we present results of models 
run on the full dataset without female identity as a random 
intercept here and results of models run with female identity 
as a random effect in the supplementary material (Table S1).
Urban and forest selection gradients on avian life‑history 
traits The fitness measure used in this study was the number 
of fledglings produced in each breeding attempt. We chose to 
use the number of fledglings, an annual fitness measure, as 
opposed to lifetime reproductive success as we were unable 
to quantify the number of young recruited into the popula-
tion, due to the difficulty we faced catching breeding adults. 
The number of fledglings produced in a breeding attempt 
could be a good proxy for lifetime reproductive success, 
with pairs having a high number of fledglings per breeding 
attempt being likely to have produced more recruits which 
would have a higher genetic contribution to future genera-
tions and thus increased fitness.
The number of fledglings, FED and clutch size were all 
standardised prior to analysis by subtracting the mean num-
ber of each in a given year from the respective variable for 
each habitat separately. A value of 0 is equal to the site mean 
in the given year, a positive value is later (FED) or greater 
(fledglings or clutch size) than the mean, and a negative 
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value earlier (FED) or fewer (fledglings or clutch size) than 
the mean.
First, separate analyses for urban and forest birds were 
conducted to obtain linear and quadratic selection gradients 
for each habitat using linear mixed models. Standardised 
number of fledglings were used as the response variables. 
Standardised linear or quadratic values of either FED or 
clutch size, and mean FED or clutch size (dependent on the 
selection gradient of interest) were included as fixed effects. 
Nest-box number was included as a random effect.
Second, urban and forest datasets were pooled and the 
same model structures as in the first analyses used, but 
with the addition of an interaction between habitat and 
either standardised FED or clutch size when estimating lin-
ear selection gradients, and the addition of the interaction 
between habitat and the quadratic term of each trait when 
estimating non-linear selection gradients.
All models described above were run with and without 
female identity as a random intercept instead of nest-box 
number (due to small sample size) on a subset of the blue 
tit data where female identity was known. We did not do 
this for our great tit data due to not having enough females 
identified in our dataset. Due to no difference in the direc-
tion of estimates and female identity explaining little to no 
variation, only the linear models without female identity (the 
simpler models using the full dataset) being presented in 
the main results. Mixed models including female identity 
as a random intercept are presented in the supplementary 
material (Table S2).
Mismatch between peak nestling demand and caterpillar 
availability Peak caterpillar abundance was taken as the 
sampling date with the highest recorded caterpillar mass. 
Only blue tit records from 2015 were used in the following 
analysis, as there were not enough great tit records across the 
sites in this year, and caterpillar availability data was only 
available for 2015.
Mismatch was calculated as the difference between the 
hatching date plus 10 days (peak nestling demand (Perrins 
1991)) and the peak in caterpillar abundance at that site. 
Therefore, a positive value represents peak nestling demand 
was later than the caterpillar peak, zero means peak nestling 
demand was matched with the caterpillar peak and a nega-
tive value refers to peak nestling demand occurring earlier 
than the observed caterpillar peak.
To test whether the degree of mismatch between peak 
nestling demand and the peak in caterpillar availability dif-
fered between urban and forest blue tits, we constructed a 
GLM with the degree of mismatch as the response variable 
and habitat as a categorical fixed effect.
Results
First egg date and clutch size in urban and forest 
populations
Blue tits breeding in urban and forest environments 
showed no difference in FEDs (mean ± SE: urban = 28.7 
± 0.5, n = 215 nesting attempts, forest: 28.0 ± 0.4, n = 
387 nesting attempts; Table S3, Fig. 1a), but did have dif-
ferences in clutch sizes (mean ± SE: urban = 7.8 ± 0.1, 
n = 215 nesting attempts, forest = 9.3 ± 0.12, n = 382 
nesting attempts; Table S3, Fig. 1b). On average, urban 
blue tits laid 1.5 fewer eggs than their forest counterparts 
(Table S3, Fig. 1b). There was no difference in variance 
in FED between urban and forest blue tits, but there was 
higher variance in clutch size of forest blue tits (FED: 
σ2urban = 46.8, σ2forest = 53.3, Fisher’s F test: F214,386 = 
0.87, 95% CI = 0.70–1.12, p = 0.29; clutch size: σ2urban = 
3.36, σ2forest = 5.58, Fisher’s F test: F214,381 = 0.60, 95% CI 
= 0.48–0.77, p = <0.001). We found differences in breed-
ing phenology and clutch size between great tits resid-
ing in the urban and forest sites (Table S4). Urban great 
tits laid their first egg 2.4 days earlier and laid 2.7 fewer 
eggs than their forest counterparts (Table S4, Fig. 1). The 
variance in FED was higher in the urban than forest great 
tits, but variance in clutch size did not differ between the 
two habitats (FED: σ2urban = 77.2, σ2forest = 32.8, Fisher’s 
F test: F52,96 = 2.35, 95% CI = 1.48–3.88, p = <0.001; 
clutch size: σ2urban = 2.41, σ2forest = 3.96, Fisher’s F test: 
F52,96 = 0.61, 95% CI = 0.38–1.00, p = 0.05).
Selection on first egg date and clutch size in urban 
and forest populations
For both urban and forest blue tits, there was negative lin-
ear selection favouring earlier breeding (Table S5, Fig. 2a). 
However, the selection gradient was stronger (i.e. more 
negative) for forest blue tits than their urban counterparts 
(Table S5, Fig. 2a), with a decrease of 0.06 and 0.18 fledg-
lings for urban and forest blue tits respectively for each 
day increase in FED. In contrast, great tits at the urban site 
were under weak negative linear selection, but not at the 
forest site, with no difference in the strength of selection 
between habitats (Table S5, Fig. 2b). There was positive 
linear selection favouring larger clutch sizes in both the 
urban and forest blue tit populations (Table S5, Fig. 3a). 
Selection on clutch size was significantly stronger in the 
forest than in the urban population (Table S5, Fig. 3a), 
with an increase of 0.74 fledglings for each egg laid in 
the forest population compared to 0.25 fledglings per egg 
in the urban population. However, for great tits both the 
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urban and forest population showed positive linear selec-
tion favouring larger clutch sizes (Table  S5, Fig.  3b) 
but there was no difference in the strength of selection 
between habitats (Table S5, Fig. 3b). We found no evi-
dence for non-linear selection in either species for either 
FED or clutch size (Table S6).
Caterpillar availability and mismatch with peak 
nestling demand
The peak in caterpillar availability was identified as day 
55 (25th May) and 72 (11th June) in the urban and for-
est sites respectively (Fig. 4a) during the 2015 breeding 
Fig. 1  First egg date and clutch size in urban and forest blue and great 
tits. a First egg date (in days after April 1st) of blue and great tits 
breeding in urban (yellow) and forest (green) habitats. Great tits in 
urban habitats laid eggs earlier than their forest counterparts, while 
urban and forest blue tits did not differ in their first egg dates. b 
Clutch size of blue and great tits breeding in urban and forest habi-
tats. In both species, individuals breeding in the urban habitat laid 
smaller clutches than their forest counterparts. Yellow and green 
points illustrate the observed mean, with the lines representing plus 
or minus one standard error for first egg date and clutch size in urban 
and forest habitats, respectively
Fig. 2  Selection gradients for first egg date (FED) of urban and for-
est birds. FED was under negative selection in both species and in 
both habitats, albeit non-significant in forest great tits, where earlier 
clutches fledged more offspring than later clutches. a  However, the 
strength of negative selection in urban blue tits (yellow) was signifi-
cantly weaker than in the forest habitat (green; Table S5); b In great 
tits, the strength of selection was similar in both habitats. Solid lines 
represent model predictions and shaded area the 95% confidence 
intervals from linear models with the relative number of fledglings 
as the response variable and relative first egg date as a predictor. All 
variables were standardised measures, with a value of 0 representing 
the mean of the variable in a given year, with a positive value repre-
senting a positive deviation (more fledglings, later first egg date) and 
a negative value a negative deviation (less fledglings, earlier first egg 
date) from the mean in the given year
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season. Mismatch between peak food availability and nest-
ling demand differed significantly between urban and forest 
sites (habitat: sum squares = 4513.3, df = 1,95, F = 146.4, 
p = < 0.001, Fig. 4b). The peak nestling demand of forest 
birds was on average approximately 5 days before the peak 
in caterpillar availability, whereas urban birds’ peak nestling 
demand was on average 10 days after the caterpillar peak 
(Fig. 4b).
Discussion
Our results highlight that there are differences in the 
strength of selection between urban and forest popula-
tions, but not direction, and this differs between species 
and traits. We found no difference in breeding phenology 
(FED) between urban and forest blue tits, and variance in 
Fig. 3  Selection gradients for clutch size of urban and forest birds. 
Clutch size was under positive selection in both species, a blue tits 
and b great tits, and in both habitats: the larger the clutch size, the 
more nestlings a breeding pair were able to successfully fledge 
(Table  S5). We only detected differences in selection gradients 
between habitats in blue tits (Table S5), with stronger positive selec-
tion in the forest population (green line), compared to the urban 
population (yellow line). Solid lines represent model predictions and 
shaded area the 95% confidence intervals from linear models with the 
relative number of fledglings as the response variable and relative 
clutch size as a predictor. All variables were standardised measures, 
with a value of 0 representing the mean of the variable in a given 
year, with a positive value representing a positive deviation (more 
fledglings, larger clutch size) and a negative value a negative devia-
tion (less fledglings, smaller clutch size) from the mean in the given 
year
Fig. 4  Caterpillar availability and temporal mismatch between cater-
pillars and blue tit reproductive timing in urban and forest habitats. 
a Caterpillar dry weight throughout 2015 breeding season, shown 
here as the mean (dot) and standard error (line) of caterpillar dry 
weight sampled from five trees on each visit to the urban and forest 
site (figure adapted from Pollock et al. (2017)). b The mean (dot) and 
standard error (line) of the number of days mismatch between blue 
tit peak nestling demand (approximately 10 days after hatching (Per-
rins 1991)) and peak caterpillar availability in 2015. Peak caterpillar 
availability was taken as the visit with the highest mean caterpillar 
dry weight in a. The dashed line in b represents when peak nestling 
demand would exactly match peak caterpillar availability
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FED also did not differ. Conversely, great tits laid their 
first eggs earlier in the urban than forest population, and 
the variance in FED was also higher in the urban pop-
ulation. Both species laid smaller clutches in the urban 
population in comparison to the forest population, and 
there was increased variance in forest compared to urban 
blue tits clutch sizes. Blue tits in both the urban and forest 
population exhibited negative selection gradients favour-
ing earlier egg laying, and positive selection gradients for 
larger clutch sizes, but selection was weaker in the urban 
environment for both traits. Great tits, on the other hand, 
exhibited weak negative selection for earlier egg laying 
in the urban population only, and both urban and forest 
populations showed positive selection for larger clutches, 
with no difference in the strength of selection for either 
trait. We also found differences between the degree of mis-
match between peak nestling demand and peak caterpillar 
availability, with urban blue tits showing a higher degree 
of mismatch than their forest counterparts.
Our results showing no difference in FED between urban 
and forest blue tits are consistent with findings from another 
study at the same sites over a reduced time period (Pollock 
et al. 2017), a study spanning many sites across the West-
ern Palearctic (Vaugoyeau et al. 2016) and a meta-analysis 
which suggested blue tits may not be consistent in their 
response to urban environments (Chamberlain et al. 2009). 
Thus, differences in blue tit FEDs between urban and for-
est environments may be the exception and not the norm 
(Chamberlain et al. 2009; Bailly et al. 2015). This may be 
due to habitat differences between sites described broadly 
as urban, but that might differ in their degree of urbanisa-
tion, amount and/or composition of tree cover, as it has been 
shown that lay date can vary with tree composition (Matthy-
sen et al. 2021). Great tits, on the other hand, consistently lay 
earlier in urban environments in small-scale studies (Cham-
berlain et al. 2009; Caizergues et al. 2018), although there 
was no correlation between great tit FED and the intensity 
of urbanisation across the Western Palearctic (Bailly et al. 
2015; Vaugoyeau et al. 2016).
Earlier breeding in great tits residing in urban environ-
ments compared to forest areas could be due to experiencing 
different cues which are used to time their breeding. Simi-
larly to most seasonal breeders, blue and great tits use a com-
bination of proximate (e.g. photoperiod) and supplementary 
cues (e.g. temperature, food availability, oak or birch leaf 
out) to time their breeding (Visser and Lambrechts 1999). 
All these cues are known to differ between the urban and 
forest environment. Indeed, urban environments are warmer 
(Kim 1992) and contain more non-native tree species than 
forest areas (Narango et al. 2018). Moreover, artificial lights 
are also widely used in cities (Kyba et al. 2017), which could 
potentially alter the perceived photoperiod (Dominoni et al. 
2015). Such environmental differences have been generally 
linked to early phenology in urban animals (Neil and Wu 
2006; Villalobos-Jiménez and Hassall 2017; Senzaki et al. 
2020) and may thus explain the earlier FED found in the 
urban great tit population. Contrary to the results on great 
tits, we found no difference in blue tits’ FED between our 
urban and forest population, and the variance in FED was 
not different between the two habitats. The differences we 
found in the two species responses to urbanisation could 
be explained by interspecific competition. Both species 
compete for the same food and nesting sites, and the larger, 
both in body size and mass, great tit is thought to be the 
more competitively dominant species out of the two (Perrins 
1979). In the urban site, competition for high-quality nest-
ing territories is likely to be fierce between the two species. 
Therefore, great tits may out compete blue tits and force 
them into lower-quality territories comprised of mixed tree 
species with fewer caterpillars to feed their young on, which 
may provide weaker cues with which to time their breeding. 
As such, the cues that great tits receive to time their breeding 
may be as strong in the urban site as the forest site, whereas 
blue tits may be exposed to weaker cues (Matthysen et al. 
2021). Another alternative is that our results may suggest 
that blue tits are less sensitive than great tits to small varia-
tions in phenological cues to induce changes in phenotype 
in the urban population, but this hypothesis requires further 
investigation.
We found that selection for earlier FED in blue tits was 
weaker in the urban compared to the forest population. It 
is difficult to interpret these results within the existing lit-
erature, as to our knowledge only one study has conducted 
a similar analysis and only in great tits (Caizergues et al. 
2018). Our findings for blue tits are similar to what was 
found in great tits in Caizergues et al. (2018), with stronger 
negative selection on FED in the forest compared to the 
urban population (Caizergues et al. 2018). One potential 
explanation for this result is that a supplementary cue used 
by tits to time reproductive phenology, the spring peak 
in caterpillar abundance, might be absent or lower in the 
city, leading to relaxed selection and increased variance in 
FED. To support this argument, in our study the availabil-
ity of caterpillars was much lower and with a much less 
clear seasonal peak in the urban compared to the forest site. 
Along with reduced caterpillar availability for the nestlings 
in urban areas, the degree of mismatch between the small 
peak in urban caterpillars and peak nestling demand was 
greater in the urban blue tit population than the forest one, 
where peak nestling demand was much more synchronised 
with the increased caterpillar peak. The reduced height of 
the caterpillar peak in the urban environment could partly 
explain the reduced breeding success observed in urban 
blue tit populations (Capilla-Lasheras et al. 2017; Pollock 
et al. 2017; Jarrett et al. 2020; Seress et al. 2020), due to 
reduced availability of a highly nutritional and preferred 
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food resource (Wilkin et al. 2009; Pollock et al. 2017), and 
could also mean that the importance of matching peak nest-
ling demand with the caterpillar peak is weaker in the urban 
than in forest environments.
Surprisingly, there was no selection for early FED in for-
est great tits, which contradicts findings from other popu-
lations across Europe (van Noordwijk et al. 1995; Visser 
et al. 1998; Caizergues et al. 2018). In addition, we found 
no evidence for differences in selection on FED between 
urban and forest great tits, which differs from Caizergues 
et al. (2018). This highlights the difficulty in generalising 
results from one population to another and the need for more 
spatial replicates. However, it is worth noting that the selec-
tion gradients for great tits in our study are based on a much 
smaller sample size than those of blue tits. Indeed, breed-
ing density of great tits at our study sites is relatively low. 
Scottish populations of great tits are located at the edge of 
their European distribution and appear to be genetically dis-
tinct from other European populations (Spurgin et al. 2019; 
Salmón et al. 2021), which may explain why our results dif-
fer from Caizergues et al. (2018).
Both urban blue and great tits laid smaller clutches than 
their forest counterparts, which is consistent with both sin-
gle- and multi-site studies of these species when categorical 
urban versus forest comparisons were made (Bailly et al. 
2015; Caizergues et al. 2018). However, no difference in 
clutch size of either species was found when compared with 
the intensity of urbanisation (Vaugoyeau et al. 2016). The 
reduction in clutch size we observed in these two species 
in urban environments could occur for three main reasons. 
First, the decreased caterpillar availability in urban envi-
ronments discussed earlier might lead great and blue tits 
to lay fewer eggs, adaptatively adjusting the number of off-
spring to the number that they can rear given food availabil-
ity at the nestling-rearing stage (Lack 1954; Price and Liou 
1989). Second, decreased caterpillar availability in urban 
environments may constrain the female during egg laying, 
limiting the number of eggs she can produce due to nutri-
ent/calcium limitation (Patten 2007). Third, interspecific 
competition between blue and great tits can impact upon 
clutch size (Dhondt 2012). Previous studies have shown a 
reduction in great tit clutch size when blue tit density was 
high (although it is worth noting that food limitations may 
have exacerbated this effect (Dhondt 2012)) and no effect 
on clutch size (Møller et al. 2018). In urban habitats, birds 
are often present in higher densities than in rural habitats 
(Møller 2009), leading to increased interspecific competi-
tion between sympatric species. In our sites, blue tit density 
was approximately twice as high in the forest site compared 
to the urban site (mean breeding pairs per  km2: 203 and 
107, forest and urban, respectively (CJB unpublished data)), 
which does not provide support for interspecific competition 
limiting clutch size in the urban site in either species.
Both blue and great tits in urban and forest environments 
showed positive selection gradients for larger clutch sizes, 
with the strength of selection only differing with habitat in 
blue tits, with weaker positive selection in the urban envi-
ronment. Our great tit results are similar to Caizergues et al. 
(2018), who found evidence for positive selection in their 
urban population, as we did, but this was not the case in their 
forest population. The weaker selection for larger clutch 
sizes and reduced caterpillar availability in the urban envi-
ronment we observed further suggests that resource limita-
tion may constrain birds within urban areas to lay smaller 
clutches (Sepp et al. 2018; Seress et al. 2018).
We are aware of some limitations to our study and offer 
some scope for improvement and development in future 
work. First, the definition of an urban environment is dif-
ficult to compare between studies when categorical predic-
tors are used. Therefore, it would be beneficial to compare 
selection on these traits along an urbanisation gradient with 
a quantitative assessment of urbanisation. In this context, 
we must acknowledge that, similarly to Caizergues et al. 
(2018), our study consists only of one urban and one forest 
population, which might differ in many other aspects other 
than urbanisation. Thus, comparative work on selection gra-
dients collected across multiple urban and forest areas is 
needed. Second, selection gradients should be obtained from 
urban and forest populations of different species occupying 
different niches, to gain a fuller picture of the impacts of 
urbanisation on eco-evolutionary dynamics. Third, recent 
work has highlighted that selection gradients might be 
under-estimated unless measurement error and biological 
sources of within-individual variation are taken into account 
(Dingemanse et al. 2021). As most female individuals in our 
dataset are unknown, this could have underestimated our 
selection estimates. In a similar manner, we were also unable 
to account for relatedness within our analyses, which if a 
larger proportion of breeding adults (both male and female) 
were caught, could be included. Finally, we used the num-
ber of fledglings in each breeding attempt as our estimate 
of fitness, which could be expanded to number of recruits 
into the population or lifetime reproductive success. It would 
be interesting to compare the selection estimates calculated 
based on different fitness proxies to see whether these esti-
mates are robust.
In conclusion, selection for both earlier breeding and 
larger clutch sizes was weaker in the urban environment in 
blue tits, speculatively suggesting that there may not be a 
strongly defined optimum time for breeding in urban envi-
ronments for this species, which contrasts with the clear 
optimal timing of reproduction in forest environments. How-
ever, in great tits, there was no difference in the strength of 
selection in either trait between the two environments. This 
highlights the need to understand how urbanisation may be 
impacting different species, even sympatric urban-adapted 
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species, before generalising findings from a single or few 
studies. Our results show that the selection pressures that 
species face in urban environments may be different than 
those in their native habitats, which has implications for our 
understanding of how wild animals may adapt to city life.
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